Introduction
Macroscopic hydrogels have been widely studied since the 1960s, 1 and to date many applications have been revealed in this field, ranging from filler materials in the coating industry to modern biomaterials. 2, 3 A polymer gel is a two-compartmental system containing a stable three-dimensional network of linked polymer chains by chemical or physical bonds which is filled with solvent molecules. Nanogels are particles of polymer gels with submicrometre size dimensions. 4 Nanogels have shown a rapid progress from being unwanted by-products of polymerization processes to an imperative subject of interdisciplinary research in different areas of polymer chemistry and physics, material, pharmaceutical and medical sciences. Some examples of biomedical applications of nanogels are their usages as potential gene and antisense delivery agents, 5 toxin scavengers, 6 carriers for encapsulation of enzymes to increase biocatalytic activity and stability, 7 usage in cancer chemotherapy 8 and controlling cholesterol. 9 In these cases of biomedical application, the toxicity issues of materials are considered with more emphasis. The inter-polymer complex (IPC) established between polymer pairs through secondary binding forces, such as hydrogen bonding and electrostatic interaction, has been studied in various research areas, including biological sciences due to the key role of IPCs in biological systems. 10, 11 The most commonly used polymers for preparing IPCs through electrostatic interaction are polyacrylic acid (PAA) and polyacrylamide (PAAm). 12 Ionizing radiation, such as gamma radiation, has been applied for the cross-linking of polymers by the different research groups. 13, 14 The advantage of this method is the ability for scaling up and the absence of both potentially toxic monomers and cross-linking agents. The only necessary materials are polymer molecules and water. The sterilization of products for biomedical purposes can be achieved by radiation. Radiation sterilization, as a physical cold procedure, has been extensively used in many developed and developing countries for the sterilization of health care products. The simultaneous application of radiation for nanogel preparation and sterilization is the main benefit of this method as well. The aim of this study is to prepare nanogels with IPC (a combination of electron-donor and electron-acceptor polymers) using the gamma radiation technique. The prepared nanogel was characterized with a fourier-transform-infrarot spectrometer (FTIR), scanning electron microscopy (SEM), size and zeta potential. MTT assay was carried out to evaluate the cell toxicity of the nanogels.
Materials and Methods

Materials
PAAm with the molecular weight over 150 kDa and PAAc with the molecular weight around 450 kDa were supplied both from Sigma Alderich (USA).
Nanogel Preparation
PAAm and PAAc were dissolved in different diluted concentrations in distilled water individually and then both were mixed with each other under gentle mixing at room temperature to prepare the IPC. The mixtures were kept refrigerated until irradiation to prevent the complex dissociation at elevated temperatures. 11 The pH values of mixtures before and after irradiation were around 3.45 (Metrohm 825, Switzerland). The composition of IPCs and their characterization are mentioned in Table 1 in detail. The IPC of PAAcPAAm in 15 ml glass tubes were irradiated at room temperature in an atmosphere of air with Co 60 source (Gamma celle GC-220, Nordion, Canada) at different doses of 1, 3, 5 and 7 kGy in a dose rate of 4.52 Gy/s. 
Size and Zeta Potential Measurement
Sizes based on z-average and zeta potentials of the IPCs and prepared nanogels by irradiation were measured by photon correlation spectroscopy (PCS, Zetasizer-ZS, Malvern Instrument, Malvern, UK). Samples were diluted in distilled water without using a sonicator to avoid any effect of sonication on the results. Measurements were repeated 5-10 min apart to ensure that no dissolution or agglomeration of particles occurred. Each sample was measured in triplicate.
FTIR (Fourier-Transform-Infrared spectrometer)
FTIR spectrophotometry was used to study the possible interaction between PAAc and PAAm in IPC and nanogel. PAAc, PAAm, IPC and nanogel were mixed with KBr and samples were pressed to disk. Infrared (IR) spectra of samples were scanned in the range from 400 to
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Advanced Pharmaceutical Bulletin, 2015, 5(2), 269-275 4000 cm -1 and recorded on a FTIR spectrometer (Shimadzu 8400, Kyoto Japan). FTIR spectra were obtained at a resolution of 4 cm -1 with a minimum of 256 scan per spectrum. All measurements were taken at room temperature. An empty KBr disk was used as reference and its spectrum was subtracted from the sample spectrum to suppress the spectral artifacts caused by KBr impurities and water.
Scanning Electron Microscopy
The shape and surface morphology of the particles were studied by a scanning electron microscope (MV2300, Czech Republic). Prior to scanning, the samples were coated with a thin layer of gold, using a direct current sputter technique (EMITECH K450X, England). The surface topographies of the carriers and the attachment of microparticles to the carrier surface were assessed qualitatively from the taken photomicrographs.
Cell Viability Assessment (In Vitro Cytotoxicity
Assay) The in vitro cytotoxicity was measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. 15 The in vitro cytotoxicity was measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. A549 human lung cancer cells were cultured in RPMI 1640 (Roswell Park Memorial Institute's Medium) supplemented with 10% FBS (Fetal Bovine Serum) at 37 °C and 5% CO2. At the 80% confluency, the cells were seeded at the density of 2×10 4 cell/cm 2 on 96-well plates and were incubated. The cells were exposed with different dilution ratios of nanogel formulation (60-300 µl/ml) and were incubated for 24, 48 and 72 hours at 37°C. Then, the cells were washed once with phosphate buffered saline (PBS, pH=7.2, 10 mM) and culture medium was replaced with 150 µl fresh media and 50 µl MTT reagent (2 mg/ml in PBS). After 4 hours incubation at 37°C, medium was removed and the cells were exposed to 200 µl DMSO and 25 µl of Sorenson buffer (0.1 M glycine, 0.1 M NaCl, pH 10.5). The cultures were incubated for 30 minutes at 37°C to ensure dissolving of formazan crystals and then absorbance was measured at 570 nm (absorbance value) using a spectrophotometric plate reader, ELx 800 (Biotek, CA, USA). The following formula was used to calculate the cell viability of each group: Eq1:
Statistical Analysis
All results are expressed as mean ± standard deviation (SD). An independent Student's t-test was used to compare the mean differences between two independent groups and a one-way analysis of variance (one-way ANOVA) for multiple comparisons. When the differences between the means were significant, post hoc pair wise comparisons were carried out using Tukey multiple comparison tests (SPSS, version 13.0, Chicago, IL, USA). For all the statistical tests performed, the level of significance (P) was set at > 0.05. Table 1 . Zeta potential values for PAAc-PAAm complexes are in a negative range between -22 mV and -37 mV. IPCs in all formulations (F1-F4) showed higher amounts (more negative) than irradiated formulations (nanogels). Zeta potential did not show a direct relationship with irradiation dose, but in general it can be concluded that zeta potential of particles increased due to the positive values by irradiation. IPC formation is confirmed by size data. Table 1 shows that IPCs have a size range around 768-886 nm. The lower size of particles after irradiation confirmed the nanogel preparation. Among the different applied doses, the dose of 3 kGy resulted in the lowest particle size. The highest ratio of PAAc to PAAm (1:0.6) resulted in lower particle size after irradiation with the 3 kGy dose. Therefore, F4 formulation was selected for further investigations as the optimized formulation. The comparison of size patterns of F4 formulation in different conditions (before irradiation (IPC), after irradiation with the 3 kGy and 7 kGy doses) in Figure. 1 indicated that the size was reduced after irradiation at lower doses, while an increase in irradiated dose resulted in elevated size compared to low irradiation dose. 
Results
Radiation-Induced Formation of PAAc-PAAm Nanogels
Zeta potential and size results for IPCs and nanogels at different irradiation doses are presented in
Morphology
Scanning electron microscopy (SEM) was used to characterize the morphology of PAAc-PAAm complexes and nanogels (F4). Figure 2 shows SEM micrographs of IPC (a), nanogel irradiated with 1 kGy (b) and 3 kGy (c). The formation of IPC was confirmed by Figure 2a . As shown in Figure 2 , the particles were spherical and had a smooth surface without pores or cavities. The same appearance was observed for all formulations prepared under various irradiation doses. The SEM micrographs also revealed that nanogels have a capsule structure rather than a spherical structure. 
FTIR Analysis
The absorption infrared spectra of PAAc, PAAm, IPC and nanogels irradiated with the 3 kGy dose are shown in Figure 3 . The absorption infrared spectrum of PAAc shows a peak at 1710 cm −1 for the C=O of the carboxylic group and a broad region at 3201 cm −1 , which can be allocated to the -OH of the carboxylic group; peaks at 1172 cm -1 and 1254 cm -1 are attributed to the C-O of the carboxylic group or may be related to the coupling between inplane OH bending and COO stretching vibrations of neighbouring carboxyl groups. Weaker bands associated with scissor and bending vibrations of -CH2-and CH-CO groups are located at 1452 and 1417 cm -1 , respectively. The absorption infrared spectrum of PAAm bands located at 3349, 3190, 1675, and 1613 cm -1 are attributed to the asymmetric and symmetric NH 2 stretching vibrations, amide I (-CO and -CN), and amide II (-NH and -CN), respectively. The bands located at 3349 and 3190 cm -1 are attributed to tensional stretching of -NH amide I and at 1675 to tensional stretching of C=O amide I. The band at 1613 is for flexural stretching of -NH amide I and II. The bands at 1441, 1351 and 1282 are ascribed to the C-N groups of amides. The band descriptions of PAAc and PAAm FTIR spectrums are matched with previously reported articles.
14, 16 The band related to tensional stretching of -NH amide I appeared at 3430 cm -1 in IR spectra of the IPC, which shows a shift from 3349 cm -1 of its location at IR spectra of PAAm. The band related to -OH groups with Hydrogen bonds appeared at 3430 and 3222 cm -1 in IR spectra of the IPC. The band appeared in 3201 cm -1 in PAAc IR spectra related to -OH stretching of the carboxylic group was shifted to 2937 cm -1 in IR spectra of IPC. The comparison of IR spectra of nanogel with IPC showed that the band appears in 1251cm -1 , attributed to the coupling between inplane OH bending and COO stretching vibrations of neighbouring carboxyl groups in IPC spectra, was moved to 1213 cm -1 in nanogel IR spectra. 
MTT Assay
The cell viability is assayed to estimate the toxicity of nanogel (PAAc-PAAm) in different concentrations (60,
| 273
Composite nanogels prepared by radiation Advanced Pharmaceutical Bulletin, 2015, 5(2), 269-275 120, 180, 240 and 300 µl of final product/ml) quantitatively by MTT assay. The samples did not display any cytotoxicity to A549 cells (no significant differences in the proliferation of the cells) up to 72 h as statistically compared with the control (P>0.05) (Figure 4) . 
Discussion
The application of irradiation for hydrogel preparation is generally based on cross-linking reactions caused by inter-and intra-molecular recombination of polymer radicals. Several cross-linking techniques, such as ionic cross-linking, self-assembly, crystallization, polymerization cross-linking, radiation cross-linking and functional group cross-linking can be applied to fabricate nanogels. 17 Polymer cross-linking with the aid of radiation has been reported as a proper method for preparing hydrogels and nanogels of different types of polymers, e.g., neutral hydrophilic polymers such as poly(vinyl alcohol), 18 poly(vinyl methyl ether), 13 as well as synthetic polyelectrolytes like PAAc, 10, 12, 19 PAAm 20 and Polyvinylpyrrolidone (PVP). 12 The combination of PAAc with a polymer with an opposite charge such as PVP has also been used for preparation of nanogels with the irradiation technique. 10, 21 Facile process control, sterilization in one technological step accompanying with nanogel formation, as well as a cost-benefit procedure without wastage or the need to add chemical initiators or cross-linking agents, which are mostly toxic materials, offer the irradiation method as an advantageous choice in the synthesis of nanogels. 10, 22 In this study, IPC (formed with PAAc and PAAm) in different concentrations were irradiated in different doses to prepare different nanogels ( Table 1 ). The size reduction after the radiation can be attributed to the creation of inter-and intra-molecular cross-linking in IPC. When IPC of PAAc and PAAm is exposed to gamma radiation in a dilute aqueous solution, the radiation energy is mostly absorbed by water. Accordingly, free radicals of hydroxyl radicals are formed, which are capable of getting hydrogen atoms out of macromolecules, producing polymer radicals and finally creating a nanogel. 12, 22 Nanoparticles with a zeta potential above (±) 30 mV have been shown to be stable in colloidal systems. 23 The zeta potential results of formulations are mostly less than -30 mV, thus the electrostatic effect contributes significantly to their stability against aggregation. The combination of PAAc and PAAm resulted in the preparation of IPCs of these polymers with sizes around 800 nm in z-average and 450 nm in the most dominant peak. It was shown that a stable complex of PAAc-PAAm was formed at pH below 4 (pH range of our experiments). 24, 25 Table 1 and Figure 1 indicate the initial decrease in the size of particles after low doses (1 and 3 kGy) followed by a size increase after higher irradiation doses (5 and 7 kGy). These findings can be interpreted by the fact that intra-molecular recombination in dilute polymer solutions was established by low irradiation doses, while high doses were responsible for intermolecular cross-linking as well. 19 As F4 (fabricated with the highest weight ratio of PAAc to PAAm) showed the lowest size after irradiation with the 3 kGy dose among all formulations, it was selected for further studies (FTIR, SEM and MTT assay). SEM images of nanogels showed a good agreement with the obtained results from particle size analysis. The microcapsule structure of nanogels offers a suitable potential to carry hydrophilic active ingredients. The results of FTIR experiments indicated that ionic interaction and hydrogen bonding both played the primary roles in IPC and nanogel formation. Hydrogen bonding was introduced as the primary mechanism of interaction among these polymers. 26 Our findings in comparison of IR spectra of IPCs and nanogels confirm the primary role of hydrogen bonding in nanogel formation after irradiation. This may be interpreted by the fact that inter-and intra-molecular interaction formation following the irradiation creates a near "wall to wall" contact between PAAc and PAAm, which in turn enhances the formation of new hydrogen bonding between these polymers. The energy of a single hydrogen bond is relatively low (2-167 kJ/mol) and its length is in the 1.2-3.0 Å range. 27 However, in the case of simultaneous formation of a large number of intermolecular hydrogen bonds between two macromolecules, the strength of the interaction is considerable, which leads to the formation of an adequately stable ladder-type structure of IPC. These ladder-type structures begin compacting after irradiation to lower sizes with the formation of intramolecular crosslinking. The question posed in the present work is whether synthesized nanogel is nontoxic or toxic. The toxicity of nanogels is very important, especially when they are intended for a medical application. Therefore, the nontoxic characteristics concluded from MTT assay for our prepared nanogels suggested their potential for biomedical application. Using the MTT assay, the polymer-treated cells were able to metabolize the mitochondrial substrate MTT by conversion into formazan crystals, and no damage was observed at the intracellular level. This metabolic activity of cells is a suitable method for evaluating the number of viable cells, since damaged or dead cells do not show any mitochondrial dehydrogenase activity. 28, 29 In a study, the cytotoxicity of nanometre-sized PAAc hydrogels synthesized by emulsion polymerization of methyl acrylate against T-lymphoblastic Jurkat cells was conducted using the MTT assay method. It was shown that all tested concentrations were non-toxic, even after 72 h of treatment of the cells with PAAc nanogels. 30 It has been proposed that nanogels prepared from synthetic polymers offer well-defined morphologies that can be customized to gel networks with biocompatible and degradable characteristics.
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Conclusion
It was shown that PAAc formed complexes in dilute aqueous solution with PAAm. The complexes could be internally cross-linked by gamma irradiation in an aqueous solution. It is suggested that the radiation method can be a practical and feasible way to prepare composite nanogels based on complexes of macromolecules. A smaller particle size and biodegradability and/or biocompatibility have been suggested as the main common characteristics of nanogels, which are well matched with our PAAc-PAAm nanogel prepared by the irradiation technique.
